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FISSION PROPERTILS AND PRODUCTION MECHANISMS
FOR THE HEAVIEST KNOWN FLLMEN3S

Darlcane C. Hoffman

The Radiochemistry Group at los Alamos has Leen particularly interested
in the production and properties of the hravy ~lements at least as long ago
as 1952 when the new elements, einsteinfum (99) and fermium (100) were
rather unexpectedly produced and identified in the debris from the Mike
thermionuclear test. These elements were identified via the isotoper 20.5d

?53Fq and 20.1-hour ?55fm. representing capture of 15 ana 17 neutrons respec-
718

tively in U. The Tungest-lived isotope of plutonium, 82-million year

2
‘44Pu was also discovered on that test, We continued to Took fur other new
hedavy oleaents on subsequent tests in the Pacific and although rany neulron

rich heavy isotopes were produced and studied, including ?45Pu-r45Am. ;dﬁPu-

?46Am, no elements abave 7100 were detedted.
In the 1960'<, bath | ivermore and Tos Alamos fielded several et ground
tents at the NIS designed to cnbamoe heavy eloment produc tion, but again, no

pew clesents were juoduced and the hegviest isotope identified was 100-day
.' . l'

Dy reqardloss of the target saterial.  In fact, “WY i weemed ta be
the target of choice, At that time most of us were extremely puzzled by our

N . i :"l” - :")Q M wye "
failure to find Fm or fn as we wore not yet aware of the 51 “dicaster

?Sﬂlm

which vcurs at We expected the fiveion half Yivee to Le long encagh

to Jdetoct in nuclear test debris, or that thewr andclides might even , decay
"y
to rendelevium (103) which had been discoavered an 16 g4 J6-min "th.

however, 4l hough relatively large amounts of heavy elenent iaotupes were
%)

produc o, we appeared to have reached 4 dead ond at fm,  Subnoeguent

o1
meanarerents hy Hulet ot al.‘ vhowed that the of .1H'm wah anly 08 e

!
1/?
which eoplained why we couldn't find it although wany of us till felt the

L0
ad travy e lvde, "7 By shogld bave a Tonger hali Tife, Hoarcser g an upjper
' "0 nnLn
Iy it of & hoars was placed on the S half Tife for ' Tmor " M fram oyr

Peat g0 oonty on thowe tests' % that was the bad news !t The guod negs was
"t ae were ahle to isvalate «nough ?b7lm (only 1 SI/min) to vake the

fivet oo onts o the e glebd cgeve for Bt spontaeeons fi- sion e the
Aol et be gy oo thed, ('””llﬂ devays principally by  cmisdon Lot s
a0 s teanch) These ceangrer enty e pepeated wning g ource of h ’I m

oot b e IR e actae gt ™Mb Pi e el we canfiercd the fact thgt

UL L I'l,’ ivaesa-od i Y oot . Ty 1w divinion ceer "t

i by obvorand tar any S oar Yow onee gy finsion processy, Thene gl
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were pub]ished3 in 1971 and caused what might be called a "renaissance" of
interest in SF and low energy fission because it vas previously believed
that all spontaneous and low energy fission resulted in highly asymetric
mass division. However, many of us felt that the cnhanced yields for sym-
metric mass division in Fm might be cxpected and were due to the fact that
Fm with Z = 100 could split symmetrically into two Z = 50 closed proton
shell nuclel with neutron numbers approaching the closed N = 82 shell as the
mass of the fissioning fermium isotope increcases. Thus still higher yields
cf symnetric mass division slould result for heavier fermium isotopes.
Finally, in 1975, Hulet and co-workers from lawrence livermore labora-
tories and Wilhelmy, Weber and I at Los Alamos were able tu produce4 25gl'm
via the (t,p) rcaction at the lLos Alamos Van d¢ ireaff on a target of 109
257rm. The half life for 259
ing the SF disaster) and its SI showed an extremely narrow, syrmetric mass

atoms of fm was only 1.5 scconds (thus continu-
distribution with an unusually high total kinctic enerqy (IKE) of =240 MeVv,
a value which approaches the Q value for fission of 2250 MeV. We pnve also

. ")
measured® the ST of 2P Byg
?5515 (riyn) reaction. The measured mass yields for I'm

im via electron-capture decay of 43-minute
produced by the
isotopes dre shown in Higure 5. Recently, we ave mvnnurvds the neutron

deficient isotopes, ?46lm and 248Iln. and find that they cxhibit highly
o
asyumetric distreibutions (igure z.) We pruduruds the new 12.3-minute “7Cf
o
from the (t,p) reaction on 2J4Cf and mass yields for the Cf iwotopes are

RIS
shown in Figure 3. Althouqgh 'Jttf hay the wame number of neutrons as 'hﬂlm.

it does not show g similar abrapt change to syrametric ‘ission.  licither is
its IKL unusually high. A plot of KL vs, IX/A 1/3 is whown in Fiqure 4,
Only '58lm and Hbglm appear to be "abnormal". Contour plots of TEE va. mass

pIe 91 2]
250 /J7lm. and 'hqlm are shown in Fiqure b,

h9

fraction for Im,

Results of Hulet ot dl.) for Md (also with 2%8 neutrons) indicate
that although its mass disteibution is broadly syrmotric (Higuee 6) its 1K
is only 200 MeV, a "normal™ value (Ligure 7). The very high TKE

LN LY
for '

e a taa i tor the sphevical fragments cosal Ling feom approach of the

fmocan be oxplained on the pasiy of coulomb repulsion which will

rragient s to the doubly magic, spherical 'j?ﬂn contiguration,  Since the
enerqgy releaod in binary fission is manifestod oy kinelic energy or escita-
tion encrgy of the fraguents which then can de escite hy noatran and aa
canasion, very Little ecoergy iy Tett fov neabron cmission from the near -

. . . . JHM Sh9 .
sphevical feoents forewd by syretvic (iaon of fm and Im.  Againg

thiv iv a varled deviation teom the sy toeaticos, Ay wbtown in i boree 8, the

average o nes ber o neaironsy per Lise ion, for Tow cnorgy ticsion gonorally
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increases with Z. We have made measurements8 of V as a function of fragment
TKE and mass ratio for the SF of 2°0cf, 232cs, ?5%¢cr, "%6rm and *7Fm. s
expected, neutron emission decreases monotorically with increasing TKE for a
given mass split. A conmparison of the multiplicity distributions9 for the
highest TKE events fiom SF of ?SOCf. 2526f. and ?57Fm is shown in Fiqure 9
and illustrates the large probability for cmission of 0 neutrons for ?57Fm
for cvents with 1KE » 240 MeV., This is consistent with a large fraction of
these fragments being nearly spherical with resultant high TKE's which are
nearly cqual to the Q value. Similarly, we «xpect that in the case of SI of
?sgfm and ?Sqrm where the TKE is about 249 MoV, close to the estimated Q
values of around 250 MeV, neutron emission will be low. The fragments must
be nearly spherical and oaly have sufficient excitation enerqy to emit about
1 neutron or the average. Perhaps ?Sng, which has one more proton but the

RSer' ; 257

~ame nurher of neutrons as 5 a "transition” nucleus similar to "7 ' im

and has nore deformed fragments which will have sufficient excitation enerqy
to emit vevecal noutrons, and thus account for the 40 MeV differvence in 1KY,
It has aluwo been postulated that charged particle emission at scission might
acengnt for this deficit, but preliminary u-vw-riu.u-nt'., ceet a overy low Timit

b s on the atanddane e of cuch cvents,  We hope to oper fove coccncs ents of

N

neutron emission for these twe nuclidos o cee if that can account for the

mi~sing energy!  Due to our recend vvidvntvln for a transfer reaction in

which ’bgfm was rade with a crows section of about 165 ob by bostardisent of

y ] H . . " 4 i

24”Cm with I O, an cffective transfer of |1Hn. such "on-line" meanarerents
now appear feasible,  Although the cross cection is not nearly as high ay for
the (t,p) reaction, much more target material ia available and we were ahle

to make much botter measurcwments of the wasy and binetic enerqy distributions

’ha . . Ihe .
for Fm with lesy interference from 2 ,6-h Fm,  Although the propecties
moasured for the 1. h-wecond activity produced in thiy reaction (See table 1),
s L . hAa .
indicate thgt gt iy mont likely ' iy an unbnown dvotope of M4 ocannat he

vuled cut, Cowmevery winple 'dl1u]4|innﬁl] haved an enerqy censidirations
lil‘l) ,
favor Im o oduction,

W bave now rade radivochemiconl mvnhu|PMUH[ﬁ‘) of actinide yields for

¥ ) ‘) Ry

Poanbae s at of ',Hf'm with ‘6()‘ ”'(). '“N(.‘. and ')h’n (Ligures 10 and 11},

and these ponulta how "hat noaely all possibhle prodocty hetween faeget

ant oo poard g Loas can Le paoduced, Comparisons of the yiolds ipdicate that

inogencealy the casitam yicehd for g given cloaent acoues about fwyo pass anits
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16
0 and ""Ne than for "0 and
neutron excess of the projectile. The dependence of the yields on the energy

18 22 20

heavier for Ne, respectively, reflecting the
of the projectiles is now being investigated. Preliminary analysis of the
data shows different energy dependences for production of various actinide
isotopes. These excitation functions appear tc be consistent with the calcula-
tions based on simple cnergy balance considerations for the appropriate
transfer reactions, assuming the cnergy cf the projectile in excess of the
coulomb barrier is apportioned to the target nuclei accurding to the fraction
of the projectile mass transferred. Such transfer reactions give promise of
providing a means of producing new neutron-rich isotopes for study and for
tailoring the target-projectile system and c¢nergy to enhance the yield of the
desired product. They may cven provide a mecans of getting to the neu;;gn-

Cm

with 48Ca ions. Figure 12 shows Lhe energy available for the heavy product

rich side of the elusive superheavy element region by bombardment of

for reactions at the coulomb barrier and indicates additional projectile
energy will be required for products with 2 < 114,

Recently German scientists at GSI have rvpnrted]3 finding cvidence for

production of elvment 107 in the homhardment of 2()gﬂi with 54Cr ions at an

. . . 209 . 54 2R
enerqgy just above the coulomb barrier by the reaction Bi ¢+ " Cr-——= 107 ¢+ n.

They have detected o alpha decays (-10.4 MoV, 6 ms) which they attribute

762 . e
to 107, based on .-« correlation weasurements with the Fnewn daughters,
PSHI()S and "'”'-)6]()3. Unfortunately, with the velocity filter system, SHIP,
which they use, they can only detect products ina very snall angle ahout the
beam dircction, and thus they are restricted to compound nucleus reactions
followed by isotropic particle evaporation.  Therefore, transfer reaction
products cannot be investiqgaeted since they will be distributed at larger
angles to the beam divection, However, Minsenberg ot cﬂ.” believe the
reaction of 4”(,.1 with 748

;)() .
the coopound sy tem 6Il(: at an excitativ. energy of only 72" MoV,  Thus

Cm at cnevgies near the coulomb barrier will produce

Yheee way be o seme hope of forming 4 superheavy isotope by evaporation of only

A few neutrons with crovs sections of o order of a few tenthg of a nh,
Investigations to date for trassfer reactions and encrqgy balance

caloulations indicate that bombardient of "’m('m with 4”('..\ at 1h-20 Moy

above the havvier might produce a devived cupe.hoavy product woch as

Hp M : ( a3 . . .
! 112 or ll” (tvan- fer of 4)'\ or  C1) with an excitation of only a
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few MeV because of the negative Q values for these reactions. (Sce ['igure 12)
This allows use of higher energy particles which should increase the probability
of large transfers while still keeping the product excitation encrgy low enough
to minimize destruction by prompt fission, and might result in considerably
higher production cross sections. Now the challenge is to devise systems

for measuring the Z and A for such short-lived nuclides which may decay

by SF rather than alpha cmission, and to detect transfer products which do

n,t move along the beam direction.
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Table I. Spontaneous fission properties of some heavy-element isotopes (taken

o from Ref. 10). e

SF T% Peak-to Pre-neutron o
Nuclide (s) valley ratio @ TKEP(MeV) TKE
250c ¢ 5.4x10") >360 (RC) 187.0 1.3
252 ¢ 2.7x10° 750 (RC) 185.7 11.6
26 5. 2x10° >145 (RC) 196.9 11.8
256c¢ 7.4x10% Asyim. (SS) 139.8 14.6
253¢ 2.0x10"3 326 (RC) 191 13.4
286r 1.2 Asyrzm. (SS) 199 14.8
268 38 Asyim. (SS) 108 14.5
258 2.0x10 60 (RC) 195.1 1.7
256 1.0x10° 12 (5S) 197.9 14.4
5Ty 4.1x10 x1.5 (SS) 197.6 15.3
258 3.8x107% syim. (55) 238+ 3* 14
Flinh -
5% 1.5+0.3 Synm. (SS) 242+ 6* 21
FLs <11
2584 5.7x10° Symm. (SS) < 200* 25.5°
iy 27¢
252, 8.6 Asyrm. (SS) 202.4 15.4
;dg-s fr?g 1.540.2 Synm: (SS) 23412% 20.5
248, , 16, Fldbi 12

aPoak—Lo-vaHey ratios from radiochemical (RC) or solid-state (SS) measvremenis.

bThese are average values of the pre-neutron emission TKE's except for those

designated by » which are most probable values.

“Private communication, John Wild, 1980,
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FIGURES

Pre-neutron emission mass-yield curves fcr 254Fm, 256Fm, 257Fm, 258Fm,
and 259Fm. The solid curve for 256Fm is a pre-neutron emission curve while
256

the dashed curve is 2 provisional mass analysis for Fm measured in the

258

same experimental set-up d4s used for Fm (figure from Ref. 9).

246

Pre-neutron emission mass-yield curves for Fm (383 events) and

248Fm (74 events) (from Ref. 6).

2500¢ 252ce ce g
Cf were analyzed in 5 AMU mass bins using
?52Cf (figure from Ref.

Pre-neutron emission macs-yield distribuilions for 254

256C¢ . The data for 2°%Cf and 270

an empirical neution correction similar to that for

TKE vs. ZZ/A]/3 for heavy actinide isotopes. Solid line represents

Tincar fit of Viola; dahed line is from Unik et al. The data for 258Fm
and ngrm are most probable TKE's (figure from Ref. 9).

3
Contour plots of TKE vs. mass fraction for ?56Fm, 257Fm and 2‘9Fm
(fijure from Ref. 10).
Pre-neutron cmission mass-yield distributions for ?qud and 259Fm. (Data
from Refs. 7 and 10.)

. i e " T - 259 259 _
Pre-neutron emission IKE distributions for Md and f'm.  (Data from
Refs, 7 and 10.)

Faperivental values ot ;[ 45 a function of A of the compound nucleus.
Data for SF are shown by +. Measurements for Ui for (n,f) fission
i

have been corrected to sero excitation encrgy using d?r/dEx : 0,11 MeV™

and are shown by o (figure from Ref. 9),



10.
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12.

250 252Cf 257

Pt(v) for Cf, , and Fm for the fission events having the
highest TKE's (figure from Ref. 9).

16 18

Isotopic distributions measured for 98-MeV "~0 and 97-MeV "0 bombardments

of 248Cm. ]60 data are open symbols; ]80 data are solid symbols (figure

from Ref. 12).

Isotopic distributions measured for 115-MeV 2ONe and 116-MeV 2ZNe bLombard-

248Cm. 20 22

ments of Ne data are open symbols; ““Ne data are solid symbols

(figure 1rom Ref. 12),

24 48

Energy comparison fer heavy product from bombardment of aCm with "Ca

ions at Lhe coulomb barrier (figure from Ref. 11).
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